Abstract: Excitation winding interturn short circuit (EWISC) is a common fault in turbo-generators. Once the fault occurs, if not handled in time, it will result in significant security risks to the power system. Using the multifield characteristics of fault generators for a comprehensive diagnosis can make the diagnostic results more accurate and credible. In this paper, taking a TA-1100-78 type, two pole pairs turbo-generator as the research object, the two-dimensional finite element electromagnetic model of stator/rotor and the three-dimensional finite element heat transfer model of rotor were established. The electromagnetic field, temperature field, and stress field of the generator were simulated and analyzed. At the same time, the air gap magnetic field, three-dimensional temperature field, and stress field distribution of the rotor were calculated for EWISC faults in different fault degrees and positions. The results showed that the EWISC fault weakened the air gap magnetic field and caused unbalanced electromagnetic distribution. At the same time, it caused a distortion of the rotor temperature field, resulting in an unbalanced distribution of the temperature field. The stress field was affected by the distortion of temperature field, and the local thermal stress increased but did not exceed the yield limit of the material. Restorable elastic deformation occurred when the rotor was heated, which caused the thermal bending of the rotor. The method adopted in this paper can provide a reference for the calculation of multiphysical field after a generator fault. It is also pointed out that the thermal unbalance influence should not be neglected in the study of generator vibration characteristics.
Introduction
With the rapid economic development, demand for electric energy is increasing day by day, and the installed capacity is increasing year by year. At present, the world energy structure is still dominated by thermal power generation, and the installed capacity of nuclear power is also expanding. As the core of thermal power generation and nuclear power generation, the safe and stable operation of turbo-generators is very important to the power grid. However, many internal faults can seriously affect the safe and stable operation of these generators [1] [2] [3] [4] [5] [6] [7] . The rotor of the generator is in high-speed rotating state for a long time, the excitation winding is embedded in the rotor groove and rotates with the rotor, and the interturn insulation is easily destroyed by centrifugal force, which causes excitation winding interturn short circuit (EWISC) faults.
In the past 20 years, scholars all over the world have carried out continuous research on EWISC, mostly focusing on the circuit and electromagnetic characteristics. Reference [8] analyzes the electrical characteristics of EWISC and points out that EWISC faults make the excitation current relatively increased and the reactive power relatively reduced. This method has been applied to some static excitation generators. References [9, 10] analyze the variation characteristics of shaft voltage and end leakage flux after generators suffer a EWISC fault, respectively, and points out that EWISC will cause even or fractional harmonic components of generator shaft voltage or end leakage flux. Although the shaft voltage method has been applied in practice somewhere [11] , due to the difficulty of measuring the two signals, the actual effect needs to be verified. Reference [12] studies the variation characteristics of electromagnetic power before and after a EWISC fault. This method establishes the functional relationship between electromagnetic power and excitation current and obtains the expected electromagnetic power at any time. Once the actual value of the electromagnetic power deviates from the calculated value, the EWISC fault in the generator can be judged. Reference [13] studies the EWISC fault characteristics transfer law from stator winding, field winding, and exciter armature winding successively to exciter field winding. When the EWISC occurs in the generator, the excitation winding of the exciter generates the nrM/60 times harmonic current. References [14, 15] study the amplitude and frequency characteristics of rotor unbalanced magnetic pull of a multipole synchronous generator with EWISC fault. It provides a theoretical basis for diagnosing EWISC fault using vibration response characteristics. Reference [16] studies the influence of EWISC on electromagnetic torque of generator. The calculation and analysis results indicate that EWISC generates AC pulsation components, with their harmonics closely linked to the stator winding configuration. It deepens the fault mechanism of EWISC and lays a foundation for fault monitoring based on mechanical characteristics. References [17] [18] [19] use different detection coils to monitor variations in the main magnetic field of the generator. The distorted air gap magnetic field will induce even or fractional characteristic harmonics voltage in the detection coil. The detection coil method is the most widely used method at present. Reference [20] presents an on-line fault identification method based on Volterra kernel identification. This method uses the stator branch voltage and stator unbalance branch current as input and output signals of the series model, respectively. When the generator suffers a EWISC fault, the Volterra kernel changes accordingly. In summary, researchers have at present paid attention to the electrical and electromagnetic characteristics of the EWISC. However, the generator is a coupling entity of mechanical, electrical, magnetic, thermal, and other physical quantities. The physical quantities interact with each other, and a EWISC fault is reflected in the generator's magnetic field, temperature field, stress field, and other aspects.
Although the temperature and stress fields after EWISC have not been reported, in recent years, there has been frequent research on temperature field, stress field, and postfault temperature characteristics of large-scale electrical equipments. Temperature characteristics have received growing attention in the design, monitoring, operation, and maintenance of electrical equipment. Reference [21] systematically collates and synthetically compares various methods of motor temperature calculation, which provides a theoretical basis for applying temperature characteristics to generator state detection and fault diagnosis. In reference [22] , a two-dimensional mathematical model and boundary conditions are established to simulate the heat transfer and turbulent flow in the rotor body and ventilation duct. The temperature distribution of the rotor is obtained using the finite volume method based on the computational fluid dynamics principle. Reference [23] gives the heat conduction equation and the corresponding functional equation in the rotor solution domain and uses the finite element method (FEM) to calculate the temperature field when the rotor auxiliary groove and radial ventilation groove are distributed along the rotor axis with variable cross section and variable step size. Reference [24] establishes a coupled model for calculating the three-dimensional fluid-temperature field of rotors with or without deformation of the rotor yoke ventilation duct structure. The finite volume method is used to calculate and analyze the ventilation and heat dissipation of all air-cooled hydro generators. Reference [25] analyzes the temperature field distribution of turbo-generator stator cooling water blocking, which provides a theoretical basis for the diagnosis of stator water blocking faults. Reference [26] calculates and analyzes the stator three-dimensional temperature field of large synchronous generator with broken strands and explores the variation trend of stator temperature distribution under different broken strands. Reference [27] uses FEM to calculate the 3D transient electromagnetic field in the turbo-generator end and the eddy current losses of the end parts. The influence of the changed end ventilation structures on the temperature distribution of the end parts is obtained. Reference [28] uses FEM to calculate the stator temperature field after the main insulation shelling. The main insulation position of maximum temperature drop and the temperature distribution of the stator main insulation along the circumference and the axial direction are also analyzed. It is vital to accurately judge the generator aging by calculating the temperature distribution under main insulation normal operation and fault operation. In addition, the calculation and analysis of temperature fields are often applied in research fields, such as induction motors and permanent magnet motors [29] [30] [31] [32] [33] . Therefore, the change in generator temperature and stress fields after fault are important fault features that are worthy of study.
In summary, the analysis and research on the EWISC fault in turbo-generators in the world is mainly limited to the circuit and electromagnetic characteristics, and the temperature and stress field distribution as obvious characteristics of the fault have been seldom studied. However, in the research of fault diagnosis, the appearance of one fault feature may correspond to a variety of different faults, which means the accuracy of fault diagnosis cannot be guaranteed. Single fault feature diagnosis has no advantage. Therefore, studying the problem from a multifield point of view can reflect the state changes in the generator before and after fault more comprehensively and realize the joint diagnosis of multifault characteristics. In this paper, a TA-1100-78 type turbo-generator for nuclear power plant was taken as the research object. With the help of finite element simulation tools, two-dimensional and three-dimensional models of the generator were built. The magnetic field, temperature field, and stress field of the generator under EWISC fault were calculated quantitatively. The relationship between these characteristics and the EWISC short circuit fault factors was obtained.
Electromagnetic Characteristic Analysis of EWISC

Calculation Model of Stator/Rotor Electromagnetic Field
In this paper, a TA-1100-78 type 1150 WM generator of a nuclear power plant was taken as the research object. The specific parameters are shown in Table 1 . The two-dimensional finite element model of the turbo-generator is shown in Figure 1 . The x-o-y plane coordinate system was established, and the coordinate axes coincided with the rotor quadrature axes. All the space angles described in this paper took the positive direction of x-axis as the reference. In order to simplify the calculation of generator magnetic field, the following assumptions were made [34, 35] :
(1) Because the simulation was two-dimensional, the end effect and the stator outer speromagnetism were ignored, considering the generator magnetic field with consistent axial distribution. (2) Because the eddy current effect was very small compared to the winding current and because the simulation was two-dimensional, the eddy current effect of alternating magnetic field in conductive materials was ignored, considering the generator field is a nonlinear static and steady magnetic field. 1.66 In order to simplify the calculation of generator magnetic field, the following assumptions were made [34, 35] :
(1) Because the simulation was two-dimensional, the end effect and the stator outer speromagnetism were ignored, considering the generator magnetic field with consistent axial distribution. (2) Because the eddy current effect was very small compared to the winding current and because the simulation was two-dimensional, the eddy current effect of alternating magnetic field in conductive materials was ignored, considering the generator field is a nonlinear static and steady magnetic field. (3) The isotropic permeability of ferromagnetic materials.
According to the above assumptions, the Poisson equation and boundary conditions in the nonlinear solution domain can be expressed as [36] : In order to simplify the calculation of generator magnetic field, the following assumptions were made [34, 35] :
According to the above assumptions, the Poisson equation and boundary conditions in the nonlinear solution domain can be expressed as [36] :
The first kind of boundary condition of the parallel magnetic lines to the stator outer circumference is A z = 0.
Influence of EWISC Fault on Air Gap Magnetic Field
The rated state operation parameters of the TA-1100-78 type turbo-generator were loaded into the finite element model, and the distribution characteristics of magnetic field in the generator was obtained. Figure 3 shows the distribution cloud figure of the stator and rotor magnetic field under normal rated conditions.
The first kind of boundary condition of the parallel magnetic lines to the stator outer circumference is Az = 0.
The rated state operation parameters of the TA-1100-78 type turbo-generator were loaded into the finite element model, and the distribution characteristics of magnetic field in the generator was obtained. Figure 3 shows the distribution cloud figure of the stator and rotor magnetic field under normal rated conditions. A circumferential path was set at the air gap at a certain distance from the circumferential surface of the rotor. Taking 3600 interpolation points on the path and starting from the x-axis shown in Figure 1 , the magnetic density distribution in the rotor air gap shown in Figure 4 was obtained by anticlockwise rotation. As can be seen from Figure 4 , due to the demagnetization of armature reaction magnetomotive force on the excitation magnetomotive force, the air gap field decreased and skewed. The flux density can be decomposed into radial and tangential components according to Formula (2). A circumferential path was set at the air gap at a certain distance from the circumferential surface of the rotor. Taking 3600 interpolation points on the path and starting from the x-axis shown in Figure 1 , the magnetic density distribution in the rotor air gap shown in Figure 4 was obtained by anticlockwise rotation.
The rated state operation parameters of the TA-1100-78 type turbo-generator were loaded into the finite element model, and the distribution characteristics of magnetic field in the generator was obtained. Figure 3 shows the distribution cloud figure of the stator and rotor magnetic field under normal rated conditions. A circumferential path was set at the air gap at a certain distance from the circumferential surface of the rotor. Taking 3600 interpolation points on the path and starting from the x-axis shown in Figure 1 , the magnetic density distribution in the rotor air gap shown in Figure 4 was obtained by anticlockwise rotation. As can be seen from Figure 4 , due to the demagnetization of armature reaction magnetomotive force on the excitation magnetomotive force, the air gap field decreased and skewed. The flux density can be decomposed into radial and tangential components according to Formula (2). As can be seen from Figure 4 , due to the demagnetization of armature reaction magnetomotive force on the excitation magnetomotive force, the air gap field decreased and skewed. The flux density can be decomposed into radial and tangential components according to Formula (2). Figure 5 shows the radial and tangential components of air gap magnetic field distribution under normal rated condition. It can be seen that the magnetic flux of air gap was mainly radial magnetic flux.
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Because the rotor and its excitation winding connection were symmetrical (as shown in Figure  2 ), the influence of EWISC fault in slot No. 1-6 and 7-12 on the air gap magnetic field distribution was the same. Therefore, this paper studied the fault position influence on air gap magnetic field by setting 3-turn EWISC in slots No. 1, 3, and 5. Figure 7 shows the air gap magnetic density difference curve between normal condition and different fault positions. As can be seen from Figure 6 , the radial and tangential magnetic density difference of the rotor region surrounded by the fault excitation winding (between slots No. 7-18) increased with an increase in the fault degree, and the magnetic density of the remaining region changed little. This was because the current flowing through the fault winding was almost zero, which resulted in a decrease in the magnetomotive force in this area, and the air gap magnetic density decreased. The more serious the fault, the greater was the decrease in the air gap magnetic density.
Because the rotor and its excitation winding connection were symmetrical (as shown in Figure 2 ), the influence of EWISC fault in slot No. 1-6 and 7-12 on the air gap magnetic field distribution was the same. Therefore, this paper studied the fault position influence on air gap magnetic field by setting 3-turn EWISC in slots No. 1, 3, and 5. Figure 7 shows the air gap magnetic density difference curve between normal condition and different fault positions. As shown in Figure 7 , the closer the fault position was to the large tooth (A pole), the greater was the radial and tangential air gap magnetic density difference; the farther the fault position from the large tooth, the greater was the magnetic density change area. This was because the air gap magnetomotive force changes caused by the same fault degree were not much different. The closer the fault position to the large tooth was, the smaller was the air gap magnetic density attenuation region and the larger was the air gap magnetic density difference.
In summary, the EWISC caused the distortion of rotor air gap magnetic field and then affected the distribution of air gap magnetic density. Radial magnetic density, as the main component of air gap magnetic density, could better reflect the characteristics of magnetic field variation caused by EWISC.
Thermal Characteristic Analysis of EWISC
Calculation Model of Rotor Temperature Field
The specific design parameters of the TA-1100-78 type turbo-generator rotor are outlined in Table 2 . The generator rotor adopted radial and tangential two directions cooling ventilation mode. The cooling gas (hydrogen) flowed in from the subslot and flowed out through the radial duct. Taking into account the axial consistency of the rotor body, a rotor segment was modeled, which included 7 radial duct units. The model used SOLID90 3D twenty-node hexahedron element to As shown in Figure 7 , the closer the fault position was to the large tooth (A pole), the greater was the radial and tangential air gap magnetic density difference; the farther the fault position from the large tooth, the greater was the magnetic density change area. This was because the air gap magnetomotive force changes caused by the same fault degree were not much different. The closer the fault position to the large tooth was, the smaller was the air gap magnetic density attenuation region and the larger was the air gap magnetic density difference.
Thermal Characteristic Analysis of EWISC
Calculation Model of Rotor Temperature Field
The specific design parameters of the TA-1100-78 type turbo-generator rotor are outlined in Table 2 . The generator rotor adopted radial and tangential two directions cooling ventilation mode. The cooling gas (hydrogen) flowed in from the subslot and flowed out through the radial duct. Taking into account the axial consistency of the rotor body, a rotor segment was modeled, which included 7 radial duct units. The model used SOLID90 3D twenty-node hexahedron element to divide the computational area using the free meshing method. The three-dimensional finite element model of the rotor is shown in Figure 8 .
divide the computational area using the free meshing method. The three-dimensional finite element model of the rotor is shown in Figure 8 . The following assumptions were made according to the operation and heat conduction characteristics of the generator [37] :
(1) The subdivision planes on both sides of the model were considered as adiabatic surfaces.
(2) The effects of stator heating on the rotor temperature field were ignored; the heat exchange of the outer surface of the rotor could be equivalent to the heat convection with air gaps. (3) Because the loss of the rotor surface was very small compared with the copper consumption of the winding, the surface loss and the friction loss of rotor were ignored, and copper consumption of the excitation winding was considered the only source of heat. (4) Because the rotor winding current was DC current, the current skin effect was ignored, and the load was considered evenly distributed on the section of the rotor winding. (5) The insulation effect of the winding was ignored.
Considering the above assumptions, a three-dimensional steady state heat transfer model of the rotor was established [38] :
Before solving, the heat source and boundary conditions of the model must be clearly defined. According to the assumption, the copper consumption of the rotor winding is the only heat source, and the applied body load heat generation rate is as follows:
There are two main ways of rotor heat transfer: one is convective heat transfer between rotor duct and cooling gas and the other is convective heat transfer between rotor cylinder surface and air gap cooling gas.
Heat convection coefficients of the rotor ducts adopt the empirical formula [39] :
Heat convection coefficient of the rotor cylinder surface is as follows: The following assumptions were made according to the operation and heat conduction characteristics of the generator [37] :
Heat convection coefficient of the rotor cylinder surface is as follows:
Influence of EWISC Fault on Rotor Temperature Field
According to the rotor model of the TA-1100-78 type turbo-generator, the rotor temperature field under rated load was calculated. Under rated operating conditions, the cooling gas temperature was 44.5 • C, the heat convection coefficient of the rotor radial duct was 591.4 W/(m 2 ·K), the heat convection coefficient of the subslot was 428.7 W/(m 2 ·K), and the heat convection coefficient of the rotor cylinder surface was 273 W/(m 2 ·K). Figure 9 shows the rotor temperature field cloud figure under normal rated condition.
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Thermal Stress Characteristic Analysis of EWISC
Thermal stress produced by the thermal expansion during the generator operation is an important reason for the deformation of the rotor. Based on the analysis of temperature field, the thermal element is transformed into structural element and the results of steady state temperature field analysis are taken as input of structural analysis to solve the rotor deformation and thermal stress by sequential coupling method. The statics equation is as follows: 
Thermal stress produced by the thermal expansion during the generator operation is an important reason for the deformation of the rotor. Based on the analysis of temperature field, the thermal element is transformed into structural element and the results of steady state temperature field analysis are taken as input of structural analysis to solve the rotor deformation and thermal stress by sequential coupling method. The statics equation is as follows:
Based on the analysis of three-dimensional temperature field of rated load operation state, the three-dimensional thermal stress field was simulated. Figure 14 is the von Mises stress cloud figure of rotor under normal rated condition. From the simulation results, the axial thermal stress of the rotor was basically consistent; the main difference was still reflected in the cross section distribution. Because the expansion coefficient of excitation winding and rotor core was different and the temperature of excitation winding was higher than that of rotor core, the thermal stress of excitation winding was relatively higher. According to Figure 14 , the maximum stress of rotor could reach 624 MPa, while the yield strength of the TA-1100-78 type turbo-generator rotor E 0.002 = 650 MPa, the maximum stress of rotor under rated load condition was less than the yield strength of rotor. Therefore, the rotor would not yield, i.e., the thermal deformation of the rotor was a recoverable elastic deformation that did not cause plastic deformation of the rotor. 
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Based on the analysis of three-dimensional temperature field of rated load operation state, the three-dimensional thermal stress field was simulated. Figure 14 is the von Mises stress cloud figure of rotor under normal rated condition. From the simulation results, the axial thermal stress of the rotor was basically consistent; the main difference was still reflected in the cross section distribution. Because the expansion coefficient of excitation winding and rotor core was different and the temperature of excitation winding was higher than that of rotor core, the thermal stress of excitation winding was relatively higher. According to Figure 14 , the maximum stress of rotor could reach 624 MPa, while the yield strength of the TA-1100-78 type turbo-generator rotor E0.002 = 650 MPa, the maximum stress of rotor under rated load condition was less than the yield strength of rotor. Therefore, the rotor would not yield, i.e., the thermal deformation of the rotor was a recoverable elastic deformation that did not cause plastic deformation of the rotor. Figure 15 shows the maximum thermal stress of the rotor under different EWISC fault degrees. This caused a slight increase in the maximum thermal stress, but still did not exceed the yield strength of the rotor. 
Based on the analysis of three-dimensional temperature field of rated load operation state, the three-dimensional thermal stress field was simulated. Figure 14 is the von Mises stress cloud figure of rotor under normal rated condition. From the simulation results, the axial thermal stress of the rotor was basically consistent; the main difference was still reflected in the cross section distribution. Because the expansion coefficient of excitation winding and rotor core was different and the temperature of excitation winding was higher than that of rotor core, the thermal stress of excitation winding was relatively higher. According to Figure 14 , the maximum stress of rotor could reach 624 MPa, while the yield strength of the TA-1100-78 type turbo-generator rotor E0.002 = 650 MPa, the maximum stress of rotor under rated load condition was less than the yield strength of rotor. Therefore, the rotor would not yield, i.e., the thermal deformation of the rotor was a recoverable elastic deformation that did not cause plastic deformation of the rotor. Figure 16 shows the thermal stress distribution around the rotor at different EWISC fault degrees in slot No. 7. The result showed that the thermal stress near the fault slot changed. EWISC caused temperature drop in the fault slot and its adjacent parts, and the local temperature difference increased. With an increase in the fault degree, the local thermal stress increased.
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Conclusions
In this paper, taking a TA-1100-78 type turbo-generator as research object, the two-dimensional finite element electromagnetic model of stator and rotor and the three-dimensional finite element heat transfer model of rotor segment were established. The electromagnetic field, temperature field, and stress field under EWISC fault were simulated and analyzed. Main conclusions are as follows:
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(1) The EWISC fault will weaken the air gap magnetic field of the generator and cause an unbalanced distribution of the magnetic field. The greater the fault degree is, the closer the fault position is to the large tooth, and the more serious is the attenuation of air gap magnetic density. (2) The EWISC fault will cause the distortion of the temperature field of the rotor. The more serious the short circuit is, the closer the fault position is to the large tooth, and the more serious is the temperature imbalance of the rotor.
(3) The EWISC fault will increase the local thermal stress of rotor. The more serious the fault is, the closer the fault is to the large tooth, and the greater is the local temperature difference of rotor is, the greater the thermal stress. (4) The EWISC fault will not cause the overall thermal stress of the rotor to exceed the yield limit of the material. The EWISC will not cause the plastic deformation of the rotor and will not damage the rotor structure. The thermal deformation of the rotor is a recoverable elastic deformation. (5) The EWISC fault causes the unbalanced distribution of the rotor temperature field, which causes the different elastic deformation of the rotor. This will lead to the thermal bending of the rotor, resulting in unbalanced vibration of the rotor. Previous studies have only considered the rotor vibration caused by electromagnetic imbalance [6] , which is obviously not comprehensive enough, so it is worthwhile to consider the rotor vibration caused by electromagnetic and thermal imbalance simultaneously. 
